Recently, Cd3As2 has attracted intensive research interest as an archetypical Dirac semimetal, hosting three dimensional linear-dispersive electronic bands near the Fermi level. Previous studies have shown that single-crystalline Cd3As2 has an anomalously low lattice thermal conductivity, ranging from 0.3 W/mK to 0.7 W/mK at 300 K, which has been attributed to point defects. In this work, we combine first-principles lattice dynamics calculations and temperature-dependent highresolution Raman spectroscopy of high-quality single-crystal thin films grown by molecular beam epitaxy to reveal the existence of a group of soft optical phonon modes at the Brillouin zone center of Cd3As2. These soft phonon modes significantly increase the scattering phase space of heatcarrying acoustic phonons and are the origin of the low lattice thermal conductivity of Cd3As2. Furthermore, we show that the interplay between the phonon-phonon Umklapp scattering rates and the soft optical phonon frequency explains the unusual non-monotonic temperature dependence of the lattice thermal conductivity of Cd3As2. Our results further suggest that the soft phonon modes are potentially induced by a Kohn anomaly associated with the Dirac nodes, in analogy to similar, nonetheless weaker, effects in graphene and Weyl semimetals.
Cadmium arsenide (Cd 3 As 2 ) is a well-studied electronic material due to its semimetalicity and ultrahigh charge carrier mobility [1, 2] . The research interest in Cd 3 As 2 has been revived recently due to both theoretical prediction [3] and experimental observations [4] [5] [6] [7] that Cd 3 As 2 hosts three-dimensional linear Dirac bands [8] . Namely, the electronic structure of Cd 3 As 2 is a threedimensional analog to that of graphene. Extensive optical and electrical transport measurements have been conducted on Cd 3 As 2 to probe the Dirac physics of its electronic states [9] [10] [11] . In comparison, less studied aspects of Cd 3 As 2 are its lattice dynamics and heat transport properties, which are essential for thermal management of actual electronic devices utilizing this material. Furthermore, combining the recently predicted large thermopower of topological semimetals [12] and the ultrahigh charge carrier mobility, Cd 3 As 2 is also a promising candidate for thermoelectric energy conversion applications [13, 14] , where a low thermal conductivity is required for high efficiency. Therefore, a thorough understanding of the lattice dynamics and thermal transport properties of Cd 3 As 2 is of paramount importance for its practical applications. Moreover, how the lattice degree of freedom couples to topological properties of the electronic structure is of fundamental interest and remains largely unexplored [15] [16] [17] .
The thermal conductivity of crystalline Cd 3 As 2 was first measured in the 1960s [18, 19] . Subtracting the electronic contribution from the total thermal conductivity using the Wiedemann-Franz law, researchers found that Cd 3 As 2 possessed an anomalously low lattice thermal conductivity (0.3 W/mK at 300 K reported by Spitzer et al. [18] ). This value is lower than that of amorphous glass and many polymers and in sharp contrast to other crystalline materials with similar atomic mass and crystal structure. A recent study used a strong magnetic field up to 14 Tesla to freeze out electron transport and measured a lattice thermal conductivity of around 0.7 W/mK at 300 K [13] . More surprisingly, they found the lattice thermal conductivity of Cd 3 As 2 increases with temperature above roughly 300 K, which runs counter to the familiar 1/T dependence of lattice thermal conductivity in crystalline materials due to phonon-phonon Umklapp scatterings. So far, the origin of the anomalously low lattice thermal conductivity of Cd 3 As 2 and its unusual temperature dependence remains unclear. Recent measurements of another Dirac semimetal, ZrTe 5 , also revealed highly anisotropic and very low thermal conductivity [20] .
In this work, we combine first-principles lattice dynamics calculations and temperature-dependent highresolution Raman measurement of high-quality Cd 3 As 2 thin films grown by molecular beam epitaxy (MBE) to reveal the existence of a group of soft optical phonons in Cd 3 As 2 with anomalously low frequencies at the Brillouin zone center. These soft optical phonons largely increase the scattering phase space of heat-carrying acoustic phonons and are responsible for the reduction of the lattice thermal conductivity. More interestingly, we find that the optical phonon frequency is highly sensitive to the smearing parameter of the electronic Fermi-Dirac distribution in our calculation. This is potentially a signature of Kohn anomaly associated with the Dirac nodes, as has been found in graphene [21, 22] and Weyl semimetal tantalum phosphide [23] . As a result, the frequency of the soft optical phonon increases with temperature, which reduces phonon-phonon scattering and leads to an inarXiv:1908.03810v1 [cond-mat.mtrl-sci] 10 Aug 2019 creasing lattice thermal conductivity. Our investigation quantitatively reproduces the low lattice thermal conductivity of Cd 3 As 2 and qualitatively explains its anomalous temperature dependence. We used the Vienna ab-initio simulation package (VASP) [24, 25] to calculate the electronic structure using density functional theory (DFT). The projector augmented wave (PAW) [26, 27] method was adopted with the Perdew-Burke-Ernzerhof (PBE) [28] exchange correlation functional. The spin-orbit coupling was included in the calculation as implemented in VASP [29] . The cutoff energy for the plane wave expansion was set to 500 eV. The Monkhorst-Pack k-mesh 6 × 6 × 6 including Γ point was used to sample the whole Brillouin zone (BZ). The low-temperature phase of Cd 3 As 2 below 748 K is bodycentered tetragonal (bct) with the space group I4 1 /acd and has a conventional cell consisting of 160 atoms [30] (the corresponding primitive cell includes 80 atoms), as shown in Fig. 1(a) . The conventional cell can be constructed as a 2×2×4 supercell of 10-atom substructures. Each substructure has an antifluorite-derived structure with arsenic atoms at the face-center locations and cadmium atoms that form a cube with two vacancies located diagonally on one surface of the cube [30] , as illustrated in Fig. 1(b) . The arrangement of the cadmium vacancies in the substructures alternates in a fashion depicted in Fig. 1(a) , where the red arrows mark the position of the cadmium vacancies. Before the electronic band structure calculations, the lattice structure was fully optimized with the Hellmann-Feynman force tolerance 0.001 eV/Å. The lattice constants of the relaxed conventional cell are given in Fig. 1(a) . The calculated electronic structure of Cd 3 As 2 using the 80-atom primitive cell is shown in Fig.  1(d) , where the Dirac cones are located along the Γ-Z direction at (0, 0, ±0.043Å −1 ), in agreement with previous reports [8, 30, 31] . The BZ shape, high-symmetry points and the locations of the Dirac cones are shown in Fig.  1 (c).
Next, we used first-principles calculation to examine the phonon dispersion relations of Cd 3 As 2 , which, to the best of our knowledge, have not been reported before. For this calculation, we obtained the harmonic interatomic force constants (IFCs) by employing the finite displacement method based on DFT force calculations [32] implemented in VASP and then diagonalized the dynamical matrices to generate the phonon dispersion relations using PHONOPY [33] . To understand the effect of the short-range arrangement of cadmium vacancies, we calculated and compared the phonon dispersion relations of both the 80-atom bct primitive cell and a crystal constructed by the 10-atom substructure shown in Fig. 1(b) as its primitive cell. The calculated phonon dispersions along the Γ-Z direction are presented in Fig. 2 . The phonon dispersions along other high-symmetry lines in the BZ are given in the Supplementary Information. We notice that the phonon dispersions calculated using the primitive cell and the substructure agree with each other very well near the zone center considering zone folding. This can be explained by the fact that the longwavelength phonons near the zone center should be less sensitive to the short-range arrangement of the cadmium vacancies. A prominent feature of the phonon dispersions is the presence of a group of soft optical phonon modes at the zone center below 1 THz. In particular, the frequency of the lowest optical branch (LOB) is highly sensitive to the smearing parameter σ of the electronic Fermi-Dirac distribution used in the DFT calculation. σ (in units of eV) represents the broadening of the electronic occupation around the Fermi level and a fictitious electronic temperature T el = σ/k B can be defined, where k B is the Boltzmann constant. In Cd 3 As 2 , we found that the frequency of the LOB decreases monotonically with decreasing σ, approaching roughly 0.1 THz with σ = 0.01 eV (T el = 115 K). In comparison, the well-known highperformance thermoelectric materials with soft optical phonons, such as Bi 2 Te 3 [34] and PbTe [35] , have their LOBs around 1 THz.
This strong dependence of optical phonon frequencies on σ was also observed in graphene, where optical phonons at the Γ and K points in the Brillouin zone showed similar behaviors [21] . In graphene, this phenomenon was attributed to the Kohn anomaly [36] . In 1959, Kohn pointed out that, in a metal, the resonance between lattice vibrations and the Fermi surface can lead to nonanalytic points in the phonon dispersion. These anomalies should happen when q = 2k f , where q is the phonon wavevector and k f is the Fermi wave vector [36] . Here, q = 2k f is the maximum wave vector of a phonon that can be involved in a scattering event with two electronic states on the Fermi surface. In graphene, the Fermi surface is virtually two Dirac points located at K and K , therefore Kohn anomaly can only happen at Γ (intra-node scattering) and K points (inter-node scattering between K and K ). In a Dirac material, the size of the Fermi surface is highly sensitive to the electronic smearing parameter σ, which explains the strong dependence of the optical phonon frequency in graphene on σ. In Cd 3 As 2 , the two Dirac nodes are located at (0, 0, ±0.043Å −1 ). Therefore, Kohn anomalies should potentially appear at Γ (intra-node scattering) and q 0 = (0, 0, ±0.086Å −1 ) (inter-node scattering), as marked in Fig. 1(c) and 2(b) . In addition to the drastic phonon softening at Γ, a slight dip of one optical phonon branch at (0, 0, ±0.086Å −1 ) is observed, again signaling the presence of Kohn anomaly. We emphasize here that the current calculation can only capture the Kohn anomaly due to static electronic screening of lattice vibrations, while a full treatment including dynamic screening effect will require the calculation of dynamic electron-phonon coupling that was done in the case of graphene [22] but is currently inaccessible for Cd 3 As 2 given its complex structure.
To verify the existence of the group of low-frequency optical phonons at Γ, we conducted temperaturedependent Raman measurement of high-quality Cd 3 As 2 thin films grown by MBE [2] . The Cd 3 As 2 layer is ∼30 nm thick and grown on a (111) GaSb/GaAs substrate. Growth details and electrical characterization have been reported elsewhere [2] . We used unpolarized excitation with 488 nm wavelength and 65 mW power for the Raman measurement at 300 K, 120 K and 77 K. To rule out the influence of the substrate, we also measured the Raman spectrum of the substrate with the same configuration (provided in Supplementary Information). As compared to existing reports of Raman spectra of bulk Cd 3 As 2 [14, [37] [38] [39] , our measurement, as shown in Fig. 3 , revealed the existence of a low-frequency optical phonon mode near 20 cm −1 at all three temperatures and another mode near 15 cm −1 at 120 K and 77 K. The spectral region with smaller Raman shift is masked by a strong background signal due to quasielastic electronic scatterings [38] and thus the LOB cannot be resolved. The frequencies of both resolved modes agree well with our first-principles calculation. In addition, we observed a decreasing trend of the frequency of the phonon mode near 20 cm −1 as the temperature was lowered, which was in contrast to the opposite temperature dependence of optical phonons with higher frequencies [38] caused by thermal expansion.
Finally, we investigated how the existence of soft optical phonon modes affects the lattice thermal conductivity of Cd 3 As 2 . It is well understood that low-frequency optical phonon modes can significantly increase the available phase space for phonon-phonon scattering of heat- carrying acoustic phonons, which is responsible for the low lattice thermal conductivity of the best thermoelectric materials, such as Bi 2 Te 3 [34, 40, 41] , PbTe [35, 42] and SnSe [43] . In these materials, the soft optical phonon mode usually signals their proximity to a structural phase transition. Here, we expect the low-lying optical phonon modes in Cd 3 As 2 will have a similar effect. Due to the complexity and low symmetry of the primitive cell of Cd 3 As 2 , it is computationally intractable to calculate the anharmonic force constants and phonon-phonon scattering rates using the full cell. To overcome this obstacle, we examined the thermal transport properties of the crystal constructed from the 10-atom substructures. The similarity between the dispersion relations of the long-wavelength phonons calculated using the full cell and the 10-atom substructure, as observed in Fig. 2(a) , provides justification to this approach, since these longwavelength phonons are major heat carriers in Cd 3 As 2 . In particular, we expect this approach can qualitatively capture the physics of the soft phonon modes and their impact on thermal transport. Another unique aspect is the strong dependence of the LOB frequency on the electronic smearing parameter σ, which implies that the actual phonon dispersion of Cd 3 As 2 will be highly sensitive to temperature. To include this effect, we analyzed thermal transport properties based on phonon dispersion relations assuming different values of σ. We calculated the lattice thermal conductivity κ ph by solving phonon Boltzmann transport equation (BTE) iteratively using ShengBTE [44] . The anharmonic third-order IFCs were calculated using the finite displacement method [45, 46] . A 2 × 2 × 2 supercell was used for the calculation and the interactions between atoms were taken into account up to sixth nearest neighbors. The convergence of κ ph with the interaction distance between atoms was checked. The qspace (phonon momentum space) sampling grid was set to 12 × 12 × 12. The grid density convergence of all cases were examined and all the κ ph reported here are converged values.
Our results are shown in Fig. 4(a) . Here, the lattice temperature T ph determines the Bose-Einstein distribution of the phonons involved in the phonon-phonon scattering calculation while σ dictates the broadening of the Fermi-Dirac distribution of electrons used in the DFT calculation. For a given σ, the lattice thermal conductivity decreases with an increasing lattice temperature, which is typical for crystalline materials limited by phonon-phonon Umklapp scattering. At 300 K, our calculated lattice thermal conductivity is in the range of 0.3 to 0.9 W/mK, in good agreement with experimental reports [13, 18, 19] . For a given lattice temperature, the calculated lattice thermal conductivity is lower with a smaller σ. This is expected as a smaller σ leads to a lower LOB frequency, which in turn causes stronger scattering of low-frequency acoustic phonons. We confirm this hypothesis by calculating the phonon-phonon scattering rates at a fixed lattice temperature but with two different σ values, as shown in Fig. 4(b) . While the scattering rates of higher-frequency optical phonons above 2 THz are almost identical in the two cases, the scattering rates of low-frequency heat-carrying acoustic phonons are significantly enhanced with a smaller σ.
In order to make a direct connection to experimental results, both the phonon-phonon Umklapp scattering and the σ-dependent optical phonon frequency need to be taken into account. The counteraction of the two effects is expected to generate a non-monotonic temperature dependence of the lattice thermal conductivity in Cd 3 As 2 . A rigorous treatment would entail a dynamic calculation [22, 47] that is beyond the current scope. However, to qualitatively capture the interplay of the two effects, we can compare the lattice thermal conductivity values calculated when the fictitious electronic temperature T el determined by σ is set equal to the lattice temperature T ph . These values are marked in Fig. 4(a) with open circles and connected by a dotted line. Below 450 K, the temperature dependence of phonon-phonon Umklapp scattering is more prominent, and thus the lattice thermal conductivity decreases with temperature. Above 450 K, however, the increasing optical phonon frequency plays a more important role and the lattice thermal conductivity starts to increase with temperature. This physical picture provides a qualitative explanation for the increasing trend of the lattice thermal conductivity of Cd 3 As 2 with temperature as observed experimentally [13] , while the quantitative difference from the experimental result might be due to the simplified treatment used here.
In summary, we investigated the lattice dynamics and thermal transport of Dirac semimetal Cd 3 As 2 using firstprinciples calculation and Raman measurement. We identified the existence of soft optical phonons likely due to Kohn anomaly associated with the Dirac nodes. Based on the observation of the soft modes, we explained the ultralow lattice thermal conductivity of Cd 3 As 2 due to softmode-enhanced phonon-phonon scatterings. We further suggested that the interplay of phonon-phonon Umklapp scattering and the optical phonon frequency can potentially explain the anomalous temperature dependence of the lattice thermal conductivity of Cd 3 As 2 as observed experimentally. Our work exemplifies the rich phonon physics in topological materials. 
